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Abstract: The complicated geological conditions and geological hazards are challenging problems during tunnel construction, 
which will cause great losses of life and property. Therefore, reliable prediction of geological defective features, such as faults, karst 
caves and groundwater, has important practical significances and theoretical values. In this paper, we presented the criteria for 
detecting typical geological anomalies using the tunnel seismic prediction (TSP) method. The ground penetrating radar (GPR) 
signal response to water-bearing structures was used for theoretical derivations. And the 3D tomography of the transient 
electromagnetic method (TEM) was used to develop an equivalent conductance method. Based on the improvement of a single 
prediction technique, we developed a technical system for reliable prediction of geological defective features by analyzing the 
advantages and disadvantages of all prediction methods. The procedure of the application of this system was introduced in detail. 
For prediction, the selection of prediction methods is an important and challenging work. The analytic hierarchy process (AHP) was 
developed for prediction optimization. We applied the newly developed prediction system to several important projects in China, 
including Hurongxi highway, Jinping II hydropower station, and Kiaochow Bay subsea tunnel. The case studies show that the 
geological defective features can be successfully detected with good precision and efficiency, and the prediction system is proved to 
be an effective means to minimize the risks of geological hazards during tunnel construction. 
Key words: tunnel projects; geological hazards; comprehensive prediction; tunnel seismic prediction (TSP); ground 
penetrating radar (GPR); transient electromagnetic method (TEM); analytic hierarchy process (AHP) 
  
 
1  Introduction 
 
In China, many large-scale projects are under 
construction, such as water conservancy and 
hydropower stations, railways, highways, energy 
storage and transport systems, and underground mines. 
These projects provide an important opportunity for 
the progress of geo-engineering. However, serious 
challenges also exist because of the complicated 
geological conditions and potential geological hazards 
during tunnel construction, causing great losses of life 
and property. Therefore, it’s very important to improve 
the prediction capability of geological defects, such as 
faults, karst caves and groundwater inrush [1–6] to 
reduce such losses. 
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The tunnels under construction in China always 
have the characteristics of long length, large 
overburden and complicated geological conditions. 
For example, the Yichang — Wanzhou railway is 
constructed in mountain area, known for high risk of 
water inrush hazards with high karstification level. 
Serious water inrush hazards have been found in the 
Maluqing tunnel and the Yesanguan tunnel along the 
Yichang—Wanzhou railway with serious casualty and 
economic losses. In the hydropower engineering field, 
the auxiliary tunnel of Jinping II hydropower station in 
Sichuan Province is 2 375 m in depth and 17.5 km in 
length. The overburden makes the tunnel under 
extremely high in-situ stresses. Under this 
circumstance, the construction of tunnel can be 
influenced by potential rockbursts, which are triggered 
by the release of in-situ stresses, especially under 
unfavorable geological conditions, such as faults, weak 
rock features and groundwater.  
The study on the control of geological hazards 
during tunnel construction has become an important 
issue in China, including the relative mechanisms, the 
treatment techniques, and the prediction techniques. 
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The prediction of geological defective features plays 
an important role in hazards control, which is 
presented in this paper.  
Currently, the methods for predicting geological 
hazard sources can be classified into two categories: 
geological investigation and geophysical prospecting. 
Geological investigation includes engineering geology 
analysis, pilot excavation and core drilling, while 
geophysical prospecting covers seismic, electro- 
magnetic and geological radar methods. Each method 
has its own advantages and disadvantages. To achieve 
good results, a comprehensive prediction method is 
needed in practice.  
Practical studies have been performed to predict 
geological hazard sources with comprehensive 
prediction methods. Li et al. [2, 3] summarized the 
methods for the prediction of groundwater in fractures 
and unfavorable geological factors in karst areas. Qu 
et al. [5] proposed a method for prediction of 
geological hazard sources using systems theory. Wang 
et al. [6] performed a comprehensive case study on the 
prediction of geological hazard sources during the 
construction of Xiamen subsea tunnel. Di et al. [7] 
developed a comprehensive geophysical prediction 
method during tunnel construction. In their methods, 
the prediction of geological hazard sources relies 
mainly on the results obtained from controlled source 
audio-frequency magneto-telluric method. 
The challenging problems for reliable predictions 
include: (1) the identification and positioning of faults, 
fractures, karst caves and groundwater bodies (such as 
underground rivers); (2) the prediction of water- 
bearing strata; and (3) the interpretation of prediction 
results in the context of multiple explanations of 
geophysical prospecting results, and the optimization 
selection of prediction methods. 
For the first two problems, evaluating typical 
geological anomalies of TSP is done by improving the 
technique of identification and positioning of the 
geological defects. GPR signal response to 
water-bearing structures and 3D tomography of TEM 
are studied for solving the problems of identifying 
water-bearing structures. An AHP is then introduced 
for the optimization of prediction methods. This 
system for more reliable prediction of geological 
hazards has been used in many key projects in China, 
such as Hurongxi highway, Jinping II hydropower 
station, and Kiaochow Bay subsea tunnel. These case 
studies show that the geological anomalies can be 
successfully detected with good precision and 
efficiency.  
 
2  Methods for the prediction of 
geological hazards during tunnel 
construction 
 
The geological settings and hydrological conditions 
of rock masses around tunnels are investigated using 
geological investigation techniques. The method of 
engineering geology analysis can predict large-scale 
faults, potential karst caves and underground rivers, 
while the methods of pilot excavation and core drilling 
are capable of providing detailed information of 
geological hazard sources. However, the latter two are 
time- and cost-consuming.  
2.1 Geological analysis method 
Geological analysis is a long-term forecast method. 
The geological conditions ahead of a working face are 
predicted by analyzing geological data, geological 
logging results, and sketching in tunnels, using theories 
of geomorphology, stratigraphy and structural geology. 
The prediction work can be done anytime and doesn’t 
affect normal construction. However, it is just able to 
predict unfavorable geological conditions around tunnel 
grossly and macroscopically.  
2.2 Identifying geological anomalies using TSP  
Seismic method uses the reflection properties of 
elastic waves. Therefore, its application range is wide, 
but its forward results fall behind field applications. For 
this method, response characteristics of various typical 
geological defects to the elastic waves are studied. 
It is found that faults and fractured zones can be 
identified according to the following observations: (1) 
the velocity of the vertical reflection wave increases 
slightly; (2) depth migration begins with strong 
negative reflection and ends with strong positive 
reflection, while there are many unorganized positive 
and negative reflective layers in the reflection bands; 
and (3) the velocities of the vertical and horizontal 
reflection waves decrease. 
It is found that the water-bearing geological structures 
can be detected based on the following evidences:  
(1) In a 2D tomography map, the velocity of 
horizontal reflection wave decreases while that of 
vertical reflection wave decreases or increases slightly; 
both the ratio of the velocity of vertical reflection wave 
to that of horizontal reflection wave and the Poisson’s 
ratio of rock mass increase suddenly; the density and 
Young’s modulus of rock mass decrease greatly.  
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(2) The negative reflection is obvious and there are 
few reflection surfaces after the primary reflection 
surface [8]. 
2.3 Use of GPR signal response characteristics to 
water-bearing structures  
The water detection with GPR is a challenging work. 
The GPR signal response characteristics to water- 
bearing structures are investigated using the reflection 
energy and frequency. 
(1) Reflection energy 
The energy of the reflection wave becomes larger 
when the difference of the dielectric coefficient 
increases. The reflection coefficient of the electro- 
magnetic wave is given by 
1 2
1 2
r
 
 
                              (1) 
where 1  and 2  are the relative dielectric coefficients. 
The difference of the dielectric coefficients between 
water and surrounding rock is significant. So the 
amplitude increases when radar wave arrives at the 
interface between water and surrounding rock. 
(2) Frequency 
High-frequency electromagnetic wave attenuates in 
the propagation process. The attenuation coefficient is 
defined as  
2
b                                  (2) 
where  is the dielectric coefficient,  is the 
conductivity, and  is the permeability. The 
permeability of water is constant. 
When the radar wave encounters the water, the 
conductivity of water increases, resulting in increases 
in attenuation coefficient and attenuation speed of the 
high-frequency wave. Therefore, the frequency of the 
radar wave decreases. 
Based on the above analyses, groundwater can be 
predicted based on the following observations: (1) the 
reflection energy is enhanced; (2) the dominant 
frequency decreases; and (3) there are anomalies on the 
in-phase axis [9, 10]. 
Figure 1 shows a typical GPR signal for 
groundwater detection. The region marked with ellipse 
shows the characteristics of greater reflection energy, 
lower dominant frequency and abnormal phase axis, 
which are the responses of groundwater. Figure 2 
shows the dominant frequency contrast between the 
marked region and other regions. 
 
Fig.1 A typical GPR signal for groundwater detection. 
 
 
(a) Frequency analysis in the marked region. 
 
 
(b) Frequency analysis in other regions. 
Fig.2 Maps of Fourier spectrum in GPR profile. 
 
2.4 The tomography method of TEM in the 3D 
whole-space [11–13] 
The TEM detection of tunnel working face is 
different from that on the ground. The ground 
prospecting is half-space, while the tunnel working 
face detection is a whole-space problem. The theories 
and methods for the 3D whole-space must be used in 
the tunnel, based on the equivalent conductance plane 
method. In addition, the apparent longitudinal 
conductance has a sensitive response to the low- 
resistive conductive thin-layers, which can help to 
detect low-resistive geological formations with mud 
and water.  
As shown in Fig.3, there is a vertical circular loop 
near the tunnel working face, which carries a step  
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Fig.3 Sketch of TEM geological forecast. 
 
current, and the power supply is disconnected at the 
moment t = 0:  
( 0)
( )
0 ( 0)
I t
I t
t
                           
(3) 
where t  is the survey time, and ( )I t  is the current 
value in the vertical circular loop. 
  When the power supply is disconnected, due to the 
electromagnetic induction, the electromagnetic 
response is generated in the 3D space in front of the 
tunnel working face. The electromagnetic response can 
be approximately replaced by the electromagnetic field 
generated by the eddy current in the infinite large 
conductance plane A (Fig.4). To compute the 
electromagnetic field generated by the eddy current, a 
falsehood source instead of the eddy current is put in 
the conductance plane, and the electromagnetic value 
of any point in the 3D space can be computed through 
the falsehood source: 
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Fig.4 Schematic diagram of a conductance plane and a tunnel 
working face. 
 
where zB  is the z-component of the magnetic 
induction, a  is the coil radius, s  is the longitudinal 
conductance, h  is the distance between transmitting 
coil and plane conductance A, 0  is the dielectric 
constant of the vacuum. 
2.5 Analysis of typical prediction methods 
Table 1 compares the methods used for the prediction 
of geological hazard sources during tunnel construction, 
in terms of their prediction objectives, prediction 
distances, advantages and disadvantages. According to 
Table 1, it can be found that there is no single method 
that could be employed to predict all the geological 
hazard sources for tunnel construction. Therefore, a 
system that integrates the advantages of all the methods 
is needed to predict all the possible geological hazard 
sources in front of the tunnel working face during 
tunnel construction. 
 
 
Table 1 Methods for prediction of geological hazard sources. 
Category 
Prediction 
method 
Prediction objective 
Prediction 
distance 
Advantage Disadvantage 
Geological 
investigation 
Engineering 
geology analysis 
Engineering and hydrogeology 
of entire routine 
Entire routine 
Easy-going, disturbance-free for 
construction 
Low accuracy 
Pilot excavation Engineering and hydrogeology 
Excavation 
scale 
Capable of providing detailed 
information 
Time-consuming 
Core drilling Engineering and hydrogeology 30 m 
Capable of providing detailed  
information 
(1) Incapable of predicting 
the discontinuities parallel 
to tunnel axis and the 
geological condition; 
(2) Time-consuming 
Geophysical 
prospecting 
Seismic method 
Mechanical parameters of rock 
mass, position of discontinuities 
150 m 
Capable of providing accurate 
position of vertical 
discontinuities 
Incapable of predicting of 
horizontal discontinuities 
and water-bearing strata 
Electromagnetic 
method 
Position of discontinuities, karst 
caves and water-bearing strata 
50 m 
Capable of predicting position of 
discontinuities, karst caves and 
water-bearing strata 
Easily-disturbed 
Geological radar 
method 
Change in rock properties 10–25 m 
Capable of predicting fractured 
zones 
Easily-disturbed 
h h 
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3  A comprehensive system for 
geological hazards prediction during 
tunnel construction 
 
3.1 Principles of comprehensive prediction 
Principles for the prediction of geological hazard 
sources during tunnel construction were developed 
with experiences obtained in several major projects. 
They are stated as follows:  
(1) Different prediction methods should be 
combined to effectively predict the geological hazard 
sources so that the advantages of each method can be 
utilized and the disadvantages can be avoided.  
(2) The prediction of geological hazard sources 
should be divided into different stages, and the risk 
level in each stage is determined based on the distance 
between the tunnel working face and the geological 
hazard sources.  
3.2 Optimization of prediction methods with AHP 
For reliable prediction, the selection of prediction 
methods is an important and challenging task, and the 
AHP is introduced for the optimization of prediction 
methods, as described below:  
(1) Step 1: deduce the forms of the geological 
defects initiatively, and list out the prediction methods. 
(2) Step 2: select the major factors for evaluation of 
prediction methods, such as the technical feasibility, 
economic factor and the advantages of each method. 
(3) Step 3: make a qualitative evaluation on the 
factors. And the evaluation is classified into seven 
grades: E = {0.05, 0.2, 0.35, 0.5, 0.65, 0.8, 0.95}, where 
0.05 denotes the worst and 0.95 denotes the best. 
The fuzzy matrix for assessment can be expressed 
as 
11 12 1
21 22 2
1 2
n
n
n n nn
u u u
u u u
u u u
       
R


   

                  (5) 
where  ( 1,  2,  ,  ;  1,  2,  ,  )iju i n j n    is the value 
of the factor that influences the prediction effect. The 
weight distribution can be obtained by calculating the 
eigenvector of R. 
(4) Step 4: make an evaluation on each grade factor 
according to the AHP. The first grade factor collection 
is  
1 2{ , , , }nU U U U                        (6) 
where 
1 2{ ,  ,  ,  }i i i iku u uU                         (7) 
The single-factor evaluation resulting from iU  is 
defined as 
1 2{ ,  ,  , }i i i i i inb b b B A R                    (8) 
where iA  is the weight vector of iU . 
(5) Step 5: carry out an ultimate evaluation, and 
select an optimization scheme for prediction according 
to the AHP evaluation result.  
The final evaluation result is  
1 2{ ,  ,  ,  }nb b b B AR                     (9) 
3.3 Procedures of prediction 
The procedures of the prediction system are shown 
in Fig.5. In the system, the prediction of geological 
hazard sources is performed by combining different 
methods. At the beginning of the tunnel construction, 
the geological hazard risk analysis is taken for the 
entire tunnel based on the geological analysis. In the 
regions of strong rock masses, the seismic method is 
employed to predict the sources 100–150 m in front 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5 System for comprehensive geological hazard prediction.           
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of the tunnel working face, while in the areas of weak 
rock masses, the geological hazard sources around 100 
m in front of the tunnel working face are predicted 
using seismic methods. When the tunnel working face 
approaches the geological hazard sources, the accurate 
sources positions are predicted using geological radar 
method or transient electromagnetic method. In 
addition, core drilling or pilot excavation could be 
performed to confirm the accurate positions of the 
geological hazard sources. The results obtained from 
the prediction method can be compared with the 
observations during tunnel construction to improve the 
prediction accuracy.  
 
4  Case studies 
 
4.1 Water inrush prediction in Qiyueshan tunnel 
Qiyueshan tunnel is one of the most important 
projects along the Hurongxi highway, as shown in 
Fig.6. The area is the eroded middle-low mountains 
and the karst formations are widely distributed. To 
ensure the safety of the tunnel construction, the 
prediction of geological hazard sources was performed 
during the tunnel construction. 
 
 
 
 
 
 
 
 
Fig.6 Layout of Hurongxi highway. 
 
(1) Geological investigation 
The rock around the tunnel was minicrystal 
limestone. The solubility of the limestone is high. The 
exit side of the tunnel lies in the area where 
underground rivers are widely distributed. The 
underground rivers can be supplied by precipitations 
from the ground surface. There could be karst caves in 
the rock mass around the tunnel, and groundwater 
inrush could occur during the tunnel construction. 
Based on the locations of faults and the ground surface 
conditions (Fig.7), it is speculated that the karst caves 
could be developed in the segment between the 
mileages ZK329+100 and ZK329+650. 
 
 
 
Fig.7 The geological profile of Qiyueshan tunnel. 
 
(2) The selection of prediction methods 
According to the geological investigation, the 
geological hazards in the segment between the 
mileages ZK329+100 and ZK329+650 are karst caves 
and groundwater inrush. The methods of TSP (I), GPR 
(II), landsonar (III), core drilling (IV) and transient 
electromagnet (V) were considered. By using the AHP 
method, the evaluated result is B = AR = {0.887 8, 
0.723 4, 0.666 4, 0.446 2, 0.711 2}. So TSP, GPR and 
TEM were selected for this project. 
(3) TSP prediction 
The seismic prediction was performed using 
TSP203. The range of the prediction is from the 
mileage ZK329+682 to ZK329+552. From the 
prediction results, as shown in Figs.8 and 9, it is found 
that, around the mileage ZK329+630, there are strong 
negative reflections, and the ratio of the vertical wave 
velocity to the horizontal wave velocity (Vr/Vs) and the 
Poisson’s ratio increase greatly, but the Young’s 
modulus decreases greatly. Therefore, it is supposed 
that karst caves exist around this mileage. 
 
 
Fig.8 Map of reflector extraction. 
 
(4) TEM prediction 
The TEM detection was taken at the tunnel working 
face at the mileage ZK329+650. The tomography of 
the TEM is shown in Fig.10. There is a low resistivity 
region around 30 m ahead of the working face at the 
mileage ZK329+620, and it is determined as a 
water-bearing structure. 
Wuhan 
Enshi 
Lichuan 
Hurongxi highway 
Mileage 
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Fig.9 2D figures of prediction results. 
 
 
Fig.10 The tomography of the TEM detection (unit：Ω·m). 
 
  (5) GPR prediction 
The prediction using SIR-3000 geological radar is 
performed at the mileages ZK329+625 and ZK329+618. 
The results are shown in Fig.11. The velocity of the 
reflection wave in the marked ellipse is much larger 
than that in other areas, and the lines appear to fluctuate 
obviously. The dominant frequency is around 31 MHz 
in Fig.11(a) and 36 MHz in Fig.11(b), which are much 
lower than that in other areas. The positions correspond 
to the mileage ZK329+619 in Fig.11(a) and 
ZK329+613 in Fig.11(b), which are estimated as the 
reflections of water-bearing strata. 
 
(a) Results of GPR data at the mileage ZK329+625. 
 
 
(b) Results of GPR data at the mileage ZK329+618. 
Fig.11 Results of GPR data profiles. 
 
(6) Excavation observation 
From the predictions of the above methods, it is 
found that groundwater in fractures exists in the range 
from the mileage ZK329+618 to ZK329+613. The risk 
of groundwater inrush is high based on the amount of 
groundwater. In the case of rainy seasons, the risk 
could be much higher. 
During the tunnel excavation, inflow of ground- 
water occurred at the left sidewall of the tunnel at the 
mileages ZK329+618–612, as shown in Fig.12. The 
amount of groundwater inflow in dry seasons was 
about 300 m3/h, while in the rainy seasons, it could be 
as high as 1 200 m3/h. After a storm, a length of 500 m 
of the tunnel was immersed during tunnel construction. 
The position and amount of groundwater were 
predicted by using the prediction system proposed in 
this study.  
4.2 The auxiliary tunnel of Jinping II hydropower 
station  
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(a) Water inrush at the mileage ZK329+618. 
 
(b) Water inrush at the mileage ZK329+613. 
 
(c) Photo of groundwater inrush. 
Fig.12 Photos of water inrush disasters in Qiyueshan tunnel. 
 
Jinping II hydropower station is located in Sichuan 
Province of China, as shown in Fig.13. It is the biggest 
hydropower station along the Yalong River at present. 
The auxiliary tunnel of Jinping II hydropower station 
is buried in karst formations. As it is deeply buried and 
longitudinally extended, potential geological hazards 
are thought to be the primary geological problems for 
tunnel construction. 
The geological conditions of the auxiliary tunnel of 
Jinping II hydropower station are very complicated, 
with high water pressure and an overburden of 2 375 m. 
One of the key requirements during the tunnel 
construction is the prediction of the inflow of the high- 
pressure groundwater and the geological hazards. 
Landsonar, transient electromagnetic and geological   
 
Fig.13 Layout of Jinping II hydropower station. 
 
radar methods were employed for the prediction of 
geological hazards. 
  (1) Transient electromagnetic method 
The prediction was performed at the mileage 
AK11+446. The results are shown in Figs.14–16. 
Figure 14 shows the attenuated voltage changing with 
time at different locations around the tunnel working 
face. It is found that the attenuation of multi-channel 
curves is slow in the right portion. Therefore, the 
apparent resistivity is low in the far field of the 
prediction range. 
 
 
Fig.14 Attenuated voltage changing with time. 
 
Figure 15 shows the contour of the apparent 
resistivity of the rock mass. It is found that there are 
anomalies in the ranges 5–10, 26–32, and 35–50 m 
away from the tunnel working face. Taking the 
geological conditions into consideration, these strata 
could be groundwater filled rock mass. 
Figure 16 shows the change of the conductivity  
 
Auxiliary tunnel 
Yalong River 
Jinping II (4 400 MW)
Jinping I  
(3 600 MW)
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Fig.15 The apparent resistivity contour map (unit：Ω·m). 
  
 
Fig.16 The imaging section of the second derivative of 
longitudinal conductivity 
 
boundaries. It is shown that there are many 
discontinuities of phase axis on the second derivatives 
of longitudinal conductivity, indicating that there 
could be groundwater filled fractures in the 
surrounding rock. 
(2) GPR method 
The prediction using geological radar method was 
also performed at the same location as that of the 
electromagnetic method. The result is shown in Fig.17. 
The area within the marked rectangle shows the area 
of groundwater in fractures. 
(3) Excavation observation 
It was observed that the amount of groundwater 
outflow was great at the mileages AK11+445, 
AK11+420 and AK11+405 during tunnel construction, 
which coincided with the predictions using the above 
methods. 
 
Fig.17 GPR time profile on AK11+447. 
 
4.3 Prediction of water-bearing faults in the 
Kiaochow Bay subsea tunnel 
Kiaochow Bay subsea tunnel was constructed to 
connect the main and peripheral parts of Qingdao in 
Shandong Province (Fig.18). The length of the tunnel is 
7 120 m. Geological structure around the tunnel is 
featured with faults. There is a great risk of sea water 
inflow into the tunnel during construction. Therefore, 
the prediction of faults is of importance. In this study, 
the practice in the pilot tunnel between the mileages 
FK4+300 and FK4+400 is introduced. Based on the 
AHP, TSP, GPR methods and TEM were employed 
for this subsea tunnel. 
 
 
Fig.18 Layout of Kiaochow Bay subsea tunnel. 
 
(1) TSP detection 
The results of TSP detection are shown in Figs.19– 
21. The strength of rock cores between the mileages 
FK4+341 and FK4+351 is low, and the risk of water 
inrush is high. 
(2) GPR method 
 
Subsea tunnel 
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Fig.19 Depth migration scheme. 
 
 
Fig.20 Reflector extraction scheme. 
 
  
Fig.21 2D figure of forecast results. 
 
Based on geological investigation and prediction 
using TSP, a short-range prediction using GPR method 
was performed on the excavation face at the mileage 
FK4+391 to predict the possible faults. The frequency 
of antenna is 100 MHz; the number of samples is 512. 
The prediction results are shown in Fig.22. From the 
figure, the rock mass at the mileages FK4+385–391 is 
weak. There are joints around both sides of the 
predicted field. The rock mass at the mileages 
FK4+374–378 is also weak. The signals in this area 
are weak. There is a fault predicted in the middle of 
the tunnel working face. It is also predicted that there 
is groundwater in fractures around the fault. 
(3) TEM 
To give a clear picture of geological hazards ahead of 
the tunnel working face predicted using TSP, TEM is 
applied to this project. Figure 23 displays the contours 
of the section apparent resistivity. This figure represents 
the variation of apparent resistivity with distance. The 
 
 
 
Fig.22 Interpretation results of radar.  
  
 
Fig.23 Contours of section apparent resistivity with TEM (unit: 
m). 
 
resistivity of rock mass at the mileages FK4+374–380 
is low. So the rock sample is wet and the strength is 
low. The resistivity of the rock mass at the mileages 
FK4+369–374 is high, which means the strength of the 
rock mass is high. The resistivity of the rock mass in 
the mileages between FK4+361 and FK4+369 
becomes low and the rock mass is wet with a low 
strength. The rock mass at the mileages FK4+342–361 
is weak and the fractures are filled with groundwater. It 
is suggested that protection measures should be taken 
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during the tunnel excavation. 
(4) Excavation observation 
It was observed that a fault was located at the 
mileage FK4+362. In the fault, there was embedded 
mud. The strength of the mud was low. Softening 
occurred when it was exposed to water. Figure 24 
shows the fault area after excavation. According to the 
observations, the outcrops of the fault in the main 
tunnel are estimated. It is suggested that the support 
system should be enhanced and the length of borehole 
should be extended. To sum up, the excavation 
observation coincides with the prediction very well. 
 
 
Fig.24 Photo of the fault after excavation. 
 
5  Conclusions 
 
The conclusions of the studies are drawn as follows: 
(1) A comprehensive system for prediction of 
geological hazard sources during tunnel construction 
was developed. With this system, the prediction was 
performed using different geological and geophysical 
methods. The advantages of each method are utilized, 
while the disadvantages are avoided.  
(2) The system is characterized with the emphasis 
on the geological analysis. The sources location of 
geological hazards is the key point for prediction. As 
shown in these case studies, this system is an effective 
means to predict geological hazard sources.  
(3) The presence of faults and fractures can be 
predicted by combining seismic and radar methods. 
The presence of groundwater can be predicted by 
combining radar and transient electromagnetic methods.  
(4) The application of this comprehensive 
prediction system requires professional experiences of 
geology and geophysics. Efforts should be made to 
develop an expert system in the future.  
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